The risk of fault reactivation in the Gippsland Basin was calculated using the FAST (Fault Analysis Seal Technology) technique, which determines fault reactivation risk by estimating the increase in pore pressure required to cause reactivation within the present-day stress field. The stress regime in the Gippsland Basin is on the boundary between strike-slip and reverse faulting: maximum horizontal stress (~ 40.5 MPa/km) > vertical stress (21 MPa/km) ~ minimum horizontal stress (20 MPa/km). Pore pressure is hydrostatic above the Campanian Volcanics of the Golden Beach Subgroup. The NW-SE maximum horizontal stress orientation (139ºN) determined herein is broadly consistent with previous estimates, and verifies a NW-SE maximum horizontal stress orientation in the Gippsland Basin. Fault reactivation risk in the Gippsland Basin was calculated using two fault strength scenarios; cohesionless faults (C = 0; µ = 0.65) and healed faults (C = 5.4; µ = 0.78). The orientations of faults with relatively high and relatively low reactivation potential are almost identical for healed and cohesionless fault strength scenarios. High-angle faults striking NE-SW are unlikely to reactivate in the current stress regime. High-angle faults oriented SSE-NNW and ENE-WSW have the highest fault reactivation risk. Additionally, low-angle faults (thrust faults) striking NE-SW have a relatively high risk of reactivation. The highest reactivation risk for optimally oriented faults corresponds to an estimated pore pressure increase (Delta-P) of 3.8 MPa (~548 psi) for cohesionless faults and 15.6 MPa (~2262 psi) for healed faults. The absolute values of pore pressure increase obtained from fault reactivation analysis presented in this paper are subject to large errors because of uncertainties in the geomechanical model (in situ stress and rock strength data). In particular, the maximum horizontal stress magnitude and fault strength data are poorly constrained. Therefore, fault reactivation analysis cannot be used to directly measure the maximum allowable pore pressure increase within a reservoir. We argue that fault reactivation analysis of this type can only be used for assessing the relative risk of fault reactivation and not to determine the maximum allowable pore pressure increase a fault can withstand prior to reactivation.
INTRODUCTION
The geological storage of carbon dioxide (CO 2 ) has been proposed as a potential method of reducing greenhouse gas emissions. Subsurface injection of CO 2 at pressures that exceed prevailing formation pressures may potentially reactivate preexisting faults and generate new faults (Streit and Hillis, 2004) . Such brittle deformation can increase fault and fracture permeability, and may lead to the unwanted movement of CO 2 out of the primary storage area (Sibson 1996; Mildren et al., 2002; Streit and Hillis, 2004) . Estimates of the fluid pressures that may induce fault slip on faults at a potential injection site can be obtained from geomechanical analysis, e.g., the Fault Analysis Seal Technology (FAST) technique . Such analysis requires the knowledge of the geomechanical model (in situ stresses and rock strength data) and the fault orientations.
Fault reactivation analysis can be used to identify whether a fault is oriented to reactivate in the current stress field. Faults identified as optimally oriented in the present-day stress field are at greatest risk of reactivation. Furthermore, the orientation of fractures within the in situ stress field may control whether those fractures act as conduits or barriers to fluid flow (Barton et al., 1998) . However, the risk of reactivation of an optimally oriented fault during CO 2 injection can be reduced by minimising the pore pressure increase at the fault, and by appropriate monitoring.
Large uncertainties typically exist in the geomechanical model. In particular, the strength of faults is poorly understood and difficult to measure. It is critical to understand the limitations of the geomechanical model before applying fault reactivation analysis to CO 2 storage projects.
In this paper, the application of geomechanical fault reactivation analysis to a potential CO 2 storage site -the offshore Gippsland Basin -is considered. The geomechanical model (in situ stresses and rock strength data) is constrained, and fault reactivation analysis for two assumed fault strength scenarios is presented. The results of the fault reactivation analysis are shown to be dependent on uncertainties in the geomechanical model.
Gippsland Basin
The Gippsland Basin is located in the south-eastern corner of Australia (Figure 1 ). The offshore Gippsland Basin is one area being studied as a potential CO 2 storage site within Australia (Root et al., 2004; Gibson-Poole et al., 2006) . The study area within the offshore Gippsland Basin is bounded to the north and south by E-W trending fault systems separating it from the Northern Terrace and the Southern Terrace respectively (Figure 1 ). Potential CO 2 injection horizons in the Gippsland Basin include sandstone units within the Latrobe Group (Figure 2) . The Gurnard Formation, at the top of the Latrobe Group, may provide a sealing unit. However, the Lakes Entrance Formation is considered herein to be the primary seal to the Latrobe Group reservoirs in the context of CO 2 storage (Gibson-Poole et al., 2006) . Many faults mapped within the Latrobe Group appear to terminate within the Latrobe Group, and therefore are unlikely present a containment risk to any CO 2 storage project. However, some faults appear to cut the Top Latrobe Unconformity, and may present a containment risk if they lie within the migration pathway of an injected CO 2 plume (Root et al., 2004) .
GEOMECHANICAL MODEL
The strength of the fault plane and the in situ stress tensor must be constrained to undertake fault reactivation analysis. The geomechanical model consists of in situ stress and rock strength data. The geomechanical model provides the basis for all geomechanical studies and the accuracy of a geomechanical study is dependent on the accuracy of the geomechanical model data. The Gippsland Basin geomechanical model is outlined in the following section.
Maximum Horizontal Stress Orientation
The orientation of maximum horizontal stress can be measured from the occurrence of borehole deformation. Borehole breakouts and drilling-induced tensile fractures (DITFs) form at a particular angle to the in situ stresses. Therefore, the orientation of the stresses can be inferred from the orientation of any breakouts or DITFs in a borehole.
Intervals of borehole breakouts and drilling-induced tensile fractures in the Gippsland Basin have been identified from image logs . The average S Hmax orientation derived from the occurrence of borehole breakouts is 139°N (standard deviation = 15°) (Table 1; Figure 3 ). The average maximum horizontal stress orientation derived from axial DITF occurrence is 140°N (standard deviation = 11.5°) (Table 2; Figure  3 ). The horizontal stress orientation determined from DITFs in the region is highly consistent with the S Hmax azimuth derived from borehole breakouts.
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Fault reactivation potential during CO 2 injection. Previous estimates of maximum horizontal stress (S Hmax ) orientation were based on logs from 4-arm dipmeter tools at ten locations within the Gippsland Basin (Hillis et al., 1998) . The average maximum horizontal stress orientation based on previous data is 125ºN (Table 3 ; Figure 4 ). Breakout interpretation from 4-arm dipmeter logs is less reliable than image log interpretation, as evidenced in the scatter of orientations listed in Table 3 (Brudy and Kjorholt, 2001 ). The dipmeter logs were not available for this study and therefore the quality of the interpretation could not be assessed. The orientation of S Hmax determined in the West Tuna area herein is consistent within the wells studied and is considered more reliable than the existing data. The S Hmax orientation of 139ºN determined herein is broadly consistent with the orientation calculated previously and verifies a NW-SE maximum horizontal stress orientation in the Gippsland Basin.
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Vertical Stress
Vertical stress (σ v ) is the stress applied at any given point due to the weight of the overlying rock mass and fluids. Vertical stress magnitude can be estimated by integrating the bulk density of the overlying rock mass and fluids with depth (e.g., Engelder, 1993) : ( 1 ) where g is the gravitational acceleration (9.81 m/s 2 ), z is depth and ρ is the density of the rocks and fluids.
Wireline density log measurements, where available, are used herein to estimate the bulk density of the sediments. Density log measurements were disregarded where the density log correction (e.g., DRHO) was greater than 0.1 t/m 3 . Bulk density in the section above the top of the density log was estimated from check-shot log velocities, using an empirical relationship between density and velocity. Vertical stress values obtained for the Gippsland Basin are shown in Figure 5 . 
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Minimum Horizontal Stress
Minimum horizontal stress (S hmin ) magnitude can be estimated from leak-off test (LOT) and mini-fracture test data. While leak-off pressures in vertical wells reflect the horizontal stress, the same pressure tests from deviated wells are a function of the vertical and horizontal stresses and wellbore trajectory with respect to those stresses (Aadnoy, 1990; Brudy and Zoback, 1993) . Therefore, only leak-off pressures from vertical wells were used in this study to constrain S hmin in the Gippsland Basin. Leak-off test data from the Gippsland Basin are consistent and indicate S hmin ~20 MPa/km (Table 4; Figure 6 ). A minimum horizontal stress gradient of ~20 MPa/km is high compared with those reported in other Australian Basins (Hillis et al., 1998) . Leak-off pressures from the nearby Otway Basin suggest that the minimum horizontal stress in the Otway Basin is ~16 MPa/km (Hillis et al., 1995) .
Maximum Horizontal Stress
Frictional limits
Frictional limits theory states that the ratio of the maximum to minimum effective stress cannot exceed the magnitude required to cause faulting on an optimally oriented, pre-existing, cohesionless fault plane (Sibson, 1974) . The frictional limit to stress is given by: ( 2 ) where µ is the coefficient of friction, P P is the pore pressure, σ 1 is the maximum principal stress, and σ 3 is the minimum principal stress. S Hmax magnitude can be constrained to less than 44.4 MPa/ km by substituting the Gippsland stress tensor values (S hmin ~ 20 MPa/km, σ v ~ 21 MPa/km, P P ~ 9.8 MPa/km, P w ~ 11.2 MPa/ km) into equation 2 and assuming µ = 0.65.
Observation of drilling-induced tensile fractures
Sixteen sections of DITF were observed in the study area (Figure 3 ). Pore pressures were normal at the depth of the DITFs and wells were drilled slightly overbalanced (P w = 11 MPa/km). Substitution of the in situ stress tensor values determined herein (S hmin , P p and P w ) into Equation 3
( 3 ) where P w is the static mud weight, and σ θθ min is the minimum circumferential stress, indicates that the magnitude of S Hmax in the Gippsland Basin is ~39 MPa/km. The S Hmax magnitude calculated using equation 2 may be a lower bound to S Hmax , because the DITFs, particularly in Moonfish, Beardie, West Tuna-8, and East Pilchard-1 are well developed and it is likely that the tensile strength of the West Tuna rocks (which are consolidated and cemented) is greater than zero.
Observation of transverse drilling-induced tensile fractures
Elasticity theory predicts formation of both transverse and axial drilling-induced tensile fractures (DITFs) in vertical wells depending on the magnitude of the principal in situ stresses, pore-pressure, and mud weight. Drilling-induced tensile fractures initiate in very specific stress environments. A lower bound to the maximum horizontal stress (S Hmax ) magnitude can be constrained from the occurrence of axial DITFs provided the minimum horizontal (S hmin ) stress is known. The occurrence of transverse DITFs can be used to constrain a lower bound to maximum and minimum horizontal stress magnitudes . The stress field can be constrained to one on the border of strike-slip and reverse faulting (S Hmax > S hmin > σ v ), without requiring knowledge of the S hmin or S Hmax magnitude, from the observation of transverse DITFs on image logs , combined with wireline log data, leak-off tests and pore pressure data, constrain the in situ stress tensor at the depth of observation to the border between a strike-slip and a reverse faulting regime, where S Hmax ~ 40.5 MPa/km > S hmin ~ σ v = 20 MPa/km. Readers are directed to and references therein for a more detailed description of the methodology.
Maximum horizontal stress estimates from frictional limits, axial DITFs, and transverse DITFs are consistent, and suggest a S Hmax of ~40.5 MPa/km. Therefore, the stress regime in the Gippsland Basin is on the boundary between strike-slip and reverse faulting. A strike-slip stress regime where maximum horizontal stress (~40.5 MPa/km) > vertical stress (21 MPa/km) ~ minimum horizontal stress (20 MPa/km) is used herein ( Table 5 ). The in situ stress estimates presented herein are consistent with previous estimates of in situ stress in the Gippsland Basin .
Pore Pressure
Pore pressures were determined from wireline formation tests in 21 Gippsland wells (Figure 7) . The pore pressure gradient in the West Tuna area is generally hydrostatic, with no overpressure above 2800 m TVDSS (Figure 7 ). Overpressure at 2800 m coincides with the depth of the Campanian Volcanics of the Golden Beach Subgroup. The East Pilchard, Angelfish, Gummy, Bignose, Snapper 6, and Manta wells are overpressured below the volcanics. None of the LOT pressures were from overpressured intervals and no post production pore pressure measurements are available. Therefore, the effects of pore pressure depletion and the reservoir stress path (e.g., Teufel et al., 1991; Santarelli et al., 1998) have not been analysed in this study. Virgin pore pressure conditions have been assumed in this study.
Fault Strength
Reliable fault strength data is required to undertake geomechanical fault reactivation analysis. data. The coefficient of friction for cohesionless faults obtained from frictional sliding experiments typically ranges between 0.60 and 0.85 (Handin, 1963; Byerlee, 1978; Shimamoto and Logan, 1981) . Several fault reactivation studies (e.g., Barton el al., 1995; Barton et al., 1998; Wiprut and Zoback, 2000) assume that faults are cohesionless and behave according to a Byerlee (1978) type friction law. However, frictional sliding experiments do not take into account fault cohesion which may form as a result of lithification of a fault . Laboratory loading experiments on intact fault rock show that such healed fault rock can have considerable cohesion and, in some cases, is stronger than the host rock . It is likely that strength of faults in the subsurface varies widely, depending on factors such as the faulted material, fault rock material, and age of faulting. Sample loading and frictional loading experiments are rarely undertaken. Rock strength can be empirically determined from wireline log data. However, wireline log measurements give bulk rock properties that may not be analogous to fault strength. Hence, it may not be possible to derive fault, as opposed to intact rock, strength data from wireline log data. Furthermore, log-derived fault strength values should be calibrated using laboratory-derived strength data, which are rarely available.
Fault strength data for the Gippsland Basin were not available for this study. Two fault strength scenarios were considered; healed faults and cohesionless faults. Healed faults were assumed to have the same fault strength as a cataclasite from the Pretty Hill Formation in the nearby Otway Basin tested by . Cohesionless faults were considered to have a coefficient of friction of 0.65, which is consistent with assumptions made to constrain the maximum horizontal stress magnitude . Both fault strength scenarios are considered to fall within the range of possible fault strengths in the Gippsland Basin.
FAULT REACTIVATION ANALYSIS
The injection of CO 2 into the subsurface may result in an increase in the reservoir pore pressure. Increasing pore pressure can lead to the brittle failure of rocks, which occurs when the stress acting on a rock exceeds rock strength (e.g., Sibson, 1996; Mildren et al., 2002) .
The relative risk of fault reactivation, based on fault orientation within the in situ stress field, can be estimated from geomechanical risking. The relative risk of fault reactivation was calculated herein using the FAST (Fault Analysis Seal Technology) technique, which determines fault reactivation risk by estimating the theoretical increase in pore pressure required to cause reactivation . Readers are directed to Mildren et al. (2002) , Streit and Hillis (2004) , and references therein for further information.
The geomechanical model data used to calculate fault reactivation risk is summarized in Table 5 . The maximum sustainable pore pressure increase for cohesionless faults for all fault orientations in the Gippsland Basin at 2300 m is shown in Figure 8 on a stereonet. High-angle faults striking NE-SW are unlikely to reactivate in the current stress regime (cool colours in Figure 8 ). High-angle faults oriented SSE-NNW and ENE-WSW have the highest fault reactivation risk (hot colours in Figure 8 ). Additionally, low-angle faults (thrust faults) striking NE-SW have a relatively high risk of reactivation. The highest reactivation risk for optimally oriented cohesionless faults was estimated to be 3.8 MPa (~548 psi). The maximum sustainable pore pressure for healed faults is shown in Figure 9 . The highest reactivation risk for optimally oriented healed faults was estimated to be 15.6 MPa (~2262 psi) ( Figure  9 ). These results are broadly consistent with those of Root et al. (2004) , who analysed relative fault reactivation for nine faults within the Gippsland Basin using the slip-tendency method.
DISCUSSION
Two fault strength scenarios were used to calculate fault reactivation risk; cohesionless faults and healed faults. Fault orientations with high and low reactivation risks are similar for healed and cohesionless faults (Figures 8 and 9) . Therefore, fault reactivation analysis of the type presented herein can be used to determine the relative risk of fault reactivation in the in situ stress field. However, the absolute values of fault reactivation risk for cohesionless faults were significantly less than for healed faults. The highest reactivation risk (for optimally oriented faults) was estimated to be a 3.8 MPa (~548 psi) increase in pore pressure for cohesionless faults and a 15.6 MPa (~2262 psi) increase in pore pressure for healed faults. Therefore, the lack of reliable fault strength data in the Gippsland Basin results in large uncertainties in modelled fault reactivation risks (Delta-P). Furthermore, maximum horizontal stress was constrained, in part, by assuming that optimally oriented cohesionless faults exist within the study area. Hence, estimates of the maximum horizontal stress and fault reactivation risk (Delta P) presented herein are not completely independent of each other. Therefore, the results of the fault reactivation analysis presented herein should only be used for assessing relative risk of fault reactivation.
The increase in pore pressure during CO 2 injection will depend, in part, on factors including injection volume, injection rate, the size of the injection interval, and the permeability distribution within the target reservoir. The larger the increases in reservoir pore pressure at a fault, the greater the probability that the fault will reactivate. Therefore, an injection scenario which minimises the reservoir pore pressure increase near all known faults should be chosen.
Reactivation risk for faults which do not appear to extend through the seal may not be a containment risk. However, reactivation of such faults is undesirable because:
• Increase fault zone permeability may lead to unexpected / unwanted fluid movement within the Latrobe Unconformity; • These faults appear to terminate within the Latrobe Group. However, they may extend to cut the Top Latrobe Unconformity beneath seismic resolution; • These faults may cut the Top Latrobe Unconformity should significant displacement of the faults occur during reactivation; • These faults may form part of a larger fault and fracture permeability network, and; • Reactivation of these faults may cause unwanted subsidence.
As such, an injection scenario that minimises pore pressure increase at all known faults is advised for any potential CO 2 storage project within the Gippsland Basin.
CONCLUSIONS
The stress regime in the Gippsland Basin is on the boundary between strike-slip and reverse faulting: maximum horizontal stress (~ 40.5 MPa/km) > vertical stress (21 MPa/km) ~ minimum horizontal stress (20 MPa/km). Pore pressure is hydrostatic above the Campanian Volcanics of the Golden Beach Subgroup. The maximum horizontal stress orientation (139ºN) determined herein verifies a NW-SE maximum horizontal stress orientation in the Gippsland Basin.
Subsurface injection of CO 2 at excessive pressure may lead to fault reactivation. Geomechanical information on sub-surface stresses and rock strength can be used to assess the relative risk of reactivation of individual faults. Fault reactivation risk in the Gippsland Basin was calculated using two fault strength scenarios; cohesionless faults (C = 0; µ = 0.65) and healed faults (C = 5.4; µ = 0.78). The orientations of faults with relatively high and relatively low reactivation potential are almost identical for healed and cohesionless fault strength scenarios. High-angle faults striking NE-SW are unlikely to reactivate in the current stress regime. High-angle faults oriented SSE-NNW and ENE-WSW have the highest fault reactivation risk. Additionally, lowangle faults (thrust faults) striking NE-SW have a relatively high risk of reactivation. The highest reactivation risk for optimally oriented faults corresponds to an estimated pore pressure increase (Delta-P) of 3.8 MPa (~548 psi) for cohesionless faults and 15.6 MPa (~2262 psi) for healed faults. However, large uncertainties in the geomechanical model may exist, leading to large errors in calculated pore pressure increase required to cause fault reactivation. Therefore, fault reactivation analysis of this type should only be used to identify the relative risk of fault reactivation in the present-day stress field, and not to determine the maximum allowable pore pressure increase a fault can withstand without reactivation during CO 2 injection.
